Introduction
Tumor cell death can control antitumor immune responses. Understanding how dying/dead cells activate or silence the immune system helps in the development of efficient antitumor vaccination strategies and in the manipulation of unwanted immune responses in the course of transplantation, infection and autoimmunity. 1 Necrosis has been defined as an immunogenic form of cell death associated with the rupture of the cell membrane and release of intracellular contents into the microenvironment. It has been suggested that intracellular contents released from necrotic cells contain specific molecules that serve as endogenous danger signals (i.e., damage-associated molecular patterns or DAMPs) and alarm the immune system to respond. [2] [3] [4] Several studies have demonstrated the existence of DAMPs and have elucidated their mode of action. In particular, heat shock proteins, 5 HMGB1, 6 uric acid, 7 genomic DNA, 8 mRNA, 9 nucleoside analogs, 10 ATP, 11 F-actin 12 and hyaluronan 13 have been characterized as DAMPs that lead to the activation of immune responses.
Necrotic cells are known to activate the innate immune system and trigger inflammation by releasing damage associated molecular patterns (DaMps). however, how necrotic cells influence the induction of antigen-specific cD8 + T cell-mediated adaptive immune responses under sterile conditions, in the absence of pathogen associated molecular patterns (paMps), remains poorly understood. here, we examined antigen-specific cD8 + T-cell responses to primary sterile necrotic tumor cells both in vitro and in vivo. We found that primary necrotic cells alone fail to generate cD8 + T cell-dependent immune responses toward cell-associated antigens. We show that necrotic cells trigger cD8 + T-cell immunity only in the presence of paMps or analogs, such as p(dI-dc) and/or unmethylated cpG DNa. The electroporation of tumor cells with these paMps prior to necrosis induction triggered antigen-specific cD8 + T-cell responses through a TLR9/MyD88-dependent pathway. In addition, we found that necrotic cells contain factors that can block the cross-priming of cD8 + T cells even under non-sterile conditions and can serve as a possible mechanism of immunosuppression. These results suggest that antigen-specific cD8 + T-cell responses to primary necrotic tumor cells can be induced in the presence of paMps and thus have a substantial impact on the development of antitumor vaccination strategies. Under physiological conditions cells undergo a particular routine of programmed cell death known as apoptosis. 14, 15 Apoptosis is considered to be a universal mechanism by means of which an organism can clear old and damaged cells while keeping the immune system quiescent. The reason for this quiescence is proposed to be a sequestration of DAMPs during apoptosis, facilitating the induction of tolerance. 16 Over time, it has become clear that the definition of apoptosis as immunologically silent and necrosis as immunogenic does not properly reflect the actual situation.
Studies of the last decade have shown that apoptotic cells also can serve as an antigen source for the cross-priming of, rather than for the induction of cross-tolerance in, CD8 + T cells. 17, 18 It was found that apoptotic cells trigger Toll-IL1 receptor signalingindependent adaptive immune responses. 19 Additional studies showed that the immunogenicity of apoptosis is mediated by the activation of caspases 20 and depends on the activity of the NLRP3 inflammasome. 21 Translocation of calreticulin on the surface of apoptotic cells was shown to act as an 'eat me' signal, eventually leading to CD8 + T-cell activation. 22 All these data indicate that apoptotic cell death can induce potent immune responses. lipopolysaccharide (LPS) upregulated CD80, CD86 and CD40 and downregulated I-A/I-E (Fig. 1D) .
Sterile necrotic cells do not lead to antigen-specific CD8 + T-cell-mediated immunity against cell-associated antigens in vivo. Next, we investigated whether sterile necrotic cells can induce antigen-specific CD8 + T cell responses in vivo. For this OVA-specific cell lysis ( Fig. 2A) and intracellular IFNγ secretion (Fig. 2B) by CD8 + T cells were evaluated in mice after injection of live, γ-irradiated or necrotic B78OVA cells. Mice vaccinated with necrotic cells did not show antigen-specific lysis in the spleen and draining lymph nodes (DLNs) (Fig. 2A) . Accordingly, CD8 + T lymphocytes from these mice failed to produce IFNγ after peptide restimulation in vitro (Fig. 2B) . In contrast, CD8 + T lymphocytes from mice vaccinated with live or γ-irradiated tumor cells had high antigen-specific lytic activity and produced IFNγ after peptide restimulation. It is important to mention that live B78OVA cells were as potent for immune response generation as γ-irradiated cells ( Fig. 2A and B) .When EG7 cells were used, we detected significantly lower antigen-specific lysis in mice vaccinated with necrotic tumor cells as compared with animals receiving live EG7 cells (Fig. 2C) .
We also tested if allogeneic sterile necrotic tumor cells can induce antigen-specific CD8 + T-cell responses. For this aim, OVA-specific immune responses were evaluated in C57BL/6 mice (H2K b ) vaccinated with live or necrotic CT26OVA cells, which express H2K d on their surface. Necrotic CT26OVA cells were unable to induce OVA-specific CD8 + T cell activation even after prime-boost vaccination. On the contrary, live CT26OVA cells triggered robust OVA-specific cytotoxic T lymphocyte (CTL) responses (Fig. 2D) .
To evaluate different types of necrosis inducers, B78OVA cells were exposed to distilled water, triggering necrosis via osmotic shock. Mice vaccinated with cells exposed to osmotic shock failed to develop antigen-specific responses, similar to mice vaccinated with F/T necrotic cells (data not shown).
Antigens are present in sterile necrotic cells but are not a substrate for efficient cross-priming of naïve CD8 + T cells. Our results show that primary sterile necrotic cells fail to induce CD8 + T-cell activation in vitro as well as in vivo. Therefore, we decided to explore the possible mechanisms responsible for such an effect, and asked whether necrotic tumor cells could be converted into immunogenic vaccines. First, we analyzed the presence of our model antigen (OVA) in necrotic B78OVA tumor cells. For this, the presence of OVA was assessed in both the soluble (supernatant) and particulate (pellet) fractions of necrotic cells cultured at 37°C at different time points. We found a band of an approximately 43 KDa corresponding to OVA in both fractions, even after 72 h of culture (Fig. 3A) .
In a second experiment, mice were primed and boosted 3 times with 5 × 10 6 necrotic B78OVA cells during 4 consecutive days. This protocol increased the intensity and duration of antigen exposure. However, even this vaccination protocol did not generate antigen-specific CD8 + T cell-dependent immune responses (Fig. 3B) .
Next, we asked whether the non-immunogenicity of necrotic cells can be reversed by unmethylated double-stranded synthetic Autophagy, a molecular pathways of cell self-degradation, 23 has recently been shown to be required for the cross-presentation of cell-associated antigens 24 as well as for the generation of antitumor immune responses during chemotherapy-induced tumor cell death. 25 In this scenario, activation of the immune system was shown to be dependent on the release of ATP by dying cells, which in turn is regulated by autophagy. 25 It is also known that the uptake of necrotic cells might occur through a phosphatidylserine-dependent mechanism that does not ultimately lead to production of pro-inflammatory cytokines. 26.27 In several studies, we and others have shown that necrosis fails to protect from tumor development in prophylactic antitumor vaccination experiments. 19, 28, 29 Therefore, the exact mechanisms of interaction between the immune system and necrotic cells as well as the consequences of such an interaction for antigen-specific CD8 + T-cell-mediated immune responses remain unknown.
Here, we have studied the effect of primary necrosis in the absence of pathogen-associated molecular patterns (PAMPs), namely "sterile necrosis," on the cross-priming of CD8 + T cells. We show that sterile necrosis of tumor cells as induced by 3 freeze-thawing cycles (F/T) abrogated their ability to prime CD8 + T cells both in vitro and in vivo. In addition, we show that if cells undergo necrosis under "non-sterile" conditions, they can activate antigen-specific CD8 + T cells in vivo. Introduction of double stranded unmethylated DNA prior to the induction of necrosis reversed the non-immunogenic state of sterile necrotic cells in vivo. Finally, we show that necrotic cells contain factors that can block the CD8 + T-cell priming capacity of non-sterile necrotic cells in vivo.
Our results suggest that antigen-specific CD8 + T-cell responses to primary necrotic tumor cells can be induced in the presence of PAMPs and thus have a substantial impact on development of successful antitumor treatment strategies.
Results

Primary sterile necrosis does not activate CD8
+ T cells in vitro. We evaluated if sterile necrotic cells induce the crosspriming of antigen-specific CD8 + T cells in vitro. Freezethawed B78H1OVA (B78OVA expressing the model antigen ovalbumin) or wild type B78H1 (B78) cells (5 × 10 4 ) were cultured with OT-I splenocytes (5 × 10 5 ) for 48 h and interferon γ (IFNγ) expression by CD8 + T cells was determined. As shown in Figure 1A , necrotic cells did not induce IFNγ expression in CD8 + T cells in contrast to live or γ-irradiated cells. This result was confirmed by ELISA (Fig. 1B) . Next, we asked if similar results can be observed with different cell lines. We cultured EG7 (OVA-expressing EL4 cells) or B16OVA cells with OT-I splenocytes and found that this did not lead to the expression of IFNγ by antigen-specific CD8 + T cells ( Fig. 1C and data not shown), while live cells used as a positive control induced OVAspecific CD8 + T-cell responses. Moreover, necrotic B78 cells did not upregulate co-stimulatory molecules on CD11c + splenic dendritic cells (DCs) except for a slight upregulation of CD86. In contrast, DCs exposed to live or γ-irradiated B78 cells or to this protocol. As indicated in Figure 4A , mice primed and boosted with p(dI-dC)-electroporated necrotic tumor cells showed enhanced immune responses as compared with control mice. Cells from mice vaccinated with poly(I:C)-electroporated necrotic tumor cells (Fig. 4B) failed to lyse antigen-pulsed targets whereas cells from mice vaccinated with CpG-B-electroporated necrotic cells exhibited enhanced lysis (Fig. 4C) . This suggests that CpG-B-vaccinated mice develop efficient CD8 + T celldependent immune responses. In a separate experiment, mice were vaccinated with necrotic cells mixed with p(dI-dC) or LPS so that each mouse received 2 × 10 6 cells with 50 μg of model DNA or 100 μg LPS. Seven days after boost, cells from mice vaccinated with necrotic cells mixed with p(dI-dC) but not with LPS exerted CTL activity in vivo (Fig. 4D) .
To elucidate the mechanism of action of model DNA p(dI-dC), prime-boost experiments with electroporated necrotic cells were performed in Myd88 -/-, Tlr2 -/-, Tlr4 -/-, Tlr2
-/-Tlr4 -/-and Tlr9 -/-mice ( Fig. 5A-C) . These experiments revealed that TLR9 and MyD88 signaling are responsible for the restoration of the immunogenicity of necrotic cells since no antigen-specific lysis DNA, as a model of PAMPs. We electroporated p(dI-dC) into cells prior to necrosis induction and injected them into mice. We observed significantly higher antigen-specific lysis of OVA-pulsed targets in DLNs (but not in the spleen). This was in contrast to control mice, which received previously unmodified necrotic cells (Fig. 3B) . These results indicate that antigen degradation/ elimination alone is not responsible, as we had hypothesized initially, for the failure of necrotic tumor cells to prime CD8 + T cells in vivo. Antigens are still present in necrotic cells, yet other signals are needed in order to induce antigen-specific immune responses.
Non-immunogenicity of sterile necrotic cell death is reversed using double-stranded unmethylated DNA through activation of TLR9/MyD88-dependent pathway. As shown in Figure 3B , p(dI-dC) can reverse the loss of immunogenicity as induced by necrotic cell death. To prove this further and analyze the underlying mechanisms, we repeated the experiment with different TLR ligands. In order to exclude any possible influence of rapid antigen clearance, we performed prime boost experiments, and all subsequent studies were performed according non-sterile, primary necrotic tumor cells was capable to induce antigen-specific CD8 + T-cell responses in vivo (Fig. 5D) .
was observed in Tlr9 -/-and Myd88 -/-mice after vaccination. The particulate (pellet), but not the soluble (supernatant), fraction of factors were present both in both the soluble and particulate fractions of necrotic cells (Fig. 6B) , since co-injection of either of them abolished CD8 + T-cell-mediated lysis in vivo.
Discussion
The influence of cell death on the immune system has been a subject of intense investigation. Necrosis is considered to be an immunogenic event and endogenous DAMPs released from dead/dying cells are proposed to trigger adaptive immune responses. Since the initial presentation of the danger theory, various DAMPs have been discovered and their effect on the antigen-specific CD8 + T-cell activation has been studied. However, in most of the studies performed so far, the immunogenicity of dead cells and of DAMPs has been assayed in vitro, using TCR transgenic animals with non-physiologically high frequency of antigen-specific T cells. 4 In some studies, in vitro generated monocyte-derived DC (MoDCs) were used. 30 Alternatively, the necrotic cells used were contaminated with mycoplasma, 31 or recombinant DAMPs were derived from bacterial sources with no control over the LPS content. Therefore, it is very difficult to draw conclusions from such experiments. [32] [33] [34] DAMPs have also been Finally, we vaccinated mice with CpG-B-electroporated (nonsterile) or sterile necrotic B78OVA cells and challenged them with live B16OVA cells. Mice vaccinated with non-sterile necrotic cells were protected from tumor development. Positive control groups, which were vaccinated with γ-irradiated B78OVA cells, also remained tumor-free after challenge with live B16OVA cells. In contrast, all mice vaccinated with primary sterile necrotic cells developed tumors (Fig. 5E) .
Necrotic cells contain factors that block cross-priming of antigen-specific CD8
+ T cells against cell-associated antigens. Our results show that unmethylated double-stranded DNA in necrotic cells is required for the elicitation of immune responses. Next, we asked whether necrotic cells contain factors that abolish p(dI-dC)-dependent CD8 + T-cell activation. To address this question, 2 × 10 6 p(dI-dC)-electroporated necrotic B78OVA cells were mixed with 2 × 10 6 or 2 × 10 7 B78 whole necrotic cells and injected into mice. In separate experiments, the soluble or particulate fractions of B78 necrotic cells were used for co-injection instead of whole cells. As shown in Figure 6A , mice showed reduced antigen-specific lysis after vaccination with 2 × 10 7 B78 necrotic cells suggesting that necrotic cells release factors which can dampen the immunogenicity of our PAMP model. These as live cells, were unable to induce IFNγ production by OT-I splenocytes. To our surprise, CD11c + splenic DCs exposed to necrotic cells in vitro did not upregulate co-stimulatory molecules (except for a slight upregulation of CD86), which is a typical response of DCs to PAMPs. This could be due to the induction of qualitatively different responses after exposure to sterile necrotic cells. We also observed that untreated (live) or γ-irradiated cells activate DCs similar to LPS. It is important to mention that untreated or γ-irradiated cells consists of a mixture of hypothetically "naive," "stressed," "apoptotic" or "necrotic" cells, which are probably responsible for similar effects on DC activation, whereas freezethawed cells consist of 100% trypan blue-positive, necrotic cells.
Mice injected with primary necrotic tumor cells failed to develop antigen-specific CD8 + T-cell activation. This was also seen when a different method, osmotic shock, was used to induce necrosis. Interestingly, even allogeneic necrotic tumor cells failed to trigger OVA-specific CD8 + T-cell responses. These cells are very immunogenic and induce efficient immune responses when injected as such in mice. Our data suggests that primary sterile necrotic cells are not suitable substrates for cross-priming despite the release of "hypothetical" DAMPs.
A number of questions remain unanswered about the in vivo mechanisms of cross-priming, including the substrate specificity tested in vaccination protocols with soluble or bead-bound antigens. 2, 35 In addition, several studies have been performed based on in vitro or in vivo methods of tumor cell death induction (such as UV irradiation, 36 vascular targeting, 29,37 radiofrequency or cryoablation). 38, 39 Such approaches fail to induce "pure" homogeneous primary necrotic cell death and therefore are not appropriate for examining the mechanisms of immunogenicity in detail.
Recent studies clearly indicate that the immunogenicity of dying/dead cells does not correlate with the type of cell death. In several reports, 19, 20, 22, 24 it has been shown that cells undergoing types of death other than necrosis can induce subsequent CD8 + T cell-mediated immunity whereas cells succumbing to freezethawing cycles fail to do so.
Here, we have specifically analyzed the immunological outcome of sterile primary necrotic cell death in vitro and in vivo. In particular, we wanted to evaluate the influence of necrotic cells on the cross-priming of naïve CD8 + T cells, since triggering of long-lasting antigen-specific cellular immune responses is of great importance for efficient antitumor vaccination strategies. We found that freeze-thawed necrotic cells fail to activate CD8 + T cells in vitro. This effect was not dependent on the cell line used. It is important to mention that even H2K b -expressing necrotic cells (EG7, B16OVA), which might present antigen directly to CD8 + T cells that the introduction of PAMPs into necrotic cells, converting them into quasi-non-sterile inducers, is necessary for optimal responses. In line with this, our model antigen (ovalbumin) was detected in necrotic cells even after 72 h. However, non-sterile necrotic cells elicited an immune response upon repeated administration only.
The restoration of immunogenicity by model p(dI-dC) or CpG-B DNA that we observed is in live with a recent study. 46 In this report, de Brito et al. show that precursors of CD8α + DCs in vitro require stimulation by unmethylated CpG-B DNA for cross-presentation of necrotic cell-associated antigens. 46 After (e.g., whole proteins, DRIPs, protein fragments or even peptides) 40, 41 as well as the antigen concentration, 42, 43 form (soluble or particulate) 44 and persistence. 45 Therefore, we asked whether a limitation of antigen levels after necrosis induction might be the reason why T cells were not activated. Prime-boost vaccination of mice using high number (5 × 10 6 ) of necrotic cells for 4 d failed to trigger an immune response. At the same time, two injections of 1 × 10 6 necrotic B78OVA cells electroporated with model DNA induced an immune response. This indicates that a limited availability of the antigen is unlikely to be the sole explanation of the observed phenomena and LPS and poly(I:C) from Sigma. CpG ODN-1668 (CpG-B) was synthesized by Operon Biotechnologies.
EG7 cells (OVA transfected clone of EL4 cells) were obtained from ATCC. B78H1wt (B78) is MHC-I negative amelanotic clone derived from mouse B16 melanoma cells. 47 B78OVA and CT26OVA cells, which express OVA in the cytoplasm, were generated as previously described. 29, 48 B16OVA melanoma cells were kindly provided by Dr. Schueler (DKFZ). All cell lines were routinely tested for mycoplasma contamination.
Mice. 6-10 weeks old female C57BL/6 mice were obtained from Charles River laboratories. OVA TCR-transgenic OT-I mice 49, 50 were obtained by Dr Sauer (MHH). Myd88 -/-, Tlr2 -/-, Tlr4 -/-, Tlr9 -/-, Tlr2 -/-4 -/-mice have previously been described. [51] [52] [53] [54] [55] Mice were housed under specific pathogen free conditions. All animal experiments were performed according to institutional guidelines and approved by local Animal Care and Use Committee. Antibodies, fluorescent dyes and flow cytometry analysis. Anti-mouse CD8-APC conjugates was from purchased from eBioscience, anti-mouse I-A/I-E, CD80, CD40, CD86, CD11c and IFNγ antibodies, Rat IgG2a isotype control antibodies as well 7-AAD were obtained from PharMingen. CFSE was from Molecular probes (Karlsruhe). Flow cytometry was performed using FACScan (BD Biosciences) and data were analyzed with Cell Quest (BD Biosciences) and FlowJo (TriStar, Inc.) software.
Induction of cell death. Tumor cells were exposed to three freeze-thawing cycles (F/T, for necrosis induction) in liquid nitrogen or as a control left untreated or exposed to 75Gy γ-irradiation. In one set of experiments, tumor cells (1 × 10 7 /mL) were exposed to distilled water for 40 min at 37°C in order to develop necrosis. Necrosis induction was confirmed by trypan blue staining.
Analysis of antigen-specific immune responses in vitro. 5 × 10 4 necrotic (F/T), γ-irradiated or untreated OVA-expressing cells were co-cultured in vitro with 5 × 10 5 OT-I splenocytes for 48 h and IFNγ secretion was determined using either intracellular cytokine staining (PharMingen), or IFNγ ELISA (R&D Systems) according to manufacturer's instructions. electroporation of p(dI-dC), the particulate, but not the supernatant, fraction was immunogenic and as efficient as whole necroticcell vaccination. This was the case in spite of the fact that most of the antigen was released into the soluble fraction. A possible explanation for this might relate to the specific form of the antigen, as supported by recent reports. 42, 44 These studies have shown that particulate antigens can be much more efficiently cross-presented than their soluble counterparts. 44 However, in our system, addition of PAMPs was needed even for the particulate form of the antigen to cross-prime CD8 + T cells. Our data show that-despite the presence of antigens in primary sterile necrotic cells-PAMPs are required for the induction of successful antigen-specific CD8 + T-cell responses. Further studies are needed to address the exact mechanisms of how PAMPs, and in this particular case p(dI-dC) and CpG-B, promote T-cell activation.
Finally, necrotic cells precluded the cross-priming of CD8 + T cells under non-sterile conditions when model DNA was used as a PAMP. This effect was seen with both the soluble and particulate fractions of necrotic tumors. These results suggest that the cross-priming of CD8 + T cells depends not only on the presence of antigens and PAMPs, but also on intracellular factors released during necrosis. Our data suggest that some of these factors negatively regulate CD8 + T-cell activation and define whether adaptive immune responses are induced or not-a hypothesis that is a subject of further investigation.
In summary, the results described here not only improve our understanding of the biology of immune responses to dying tumor cells, but are relevant for the design of more efficient cell-based cancer vaccines. This knowledge is essential for the development of novel combination therapy protocols, in which immune-based therapies are combined with conventional strategies for the induction of cell death.
Materials and Methods
Reagents, cell lines and media. Double-stranded alternating deoxypolynucleotide p(dI-dC) was obtained from Amersham, un-pulsed cells. Results were expressed as % OVA-specific lysis. Mice vaccinated with γ-irradiated B78OVA cells were used as positive controls.
Immunoblotting analysis. Necrotic B78OVA cells were cultured at 37°C and supernatant or pellet was collected after 0, 3, 6, 12, 24, 48 and 72 h using centrifugation at 16,000 g for 20 min. Equal amounts of necrotic cell supernatant and pellet fractions were separated by SDS gel electrophoresis. Ovalbumin was detected using a rabbit anti-OVA antibody (Chemicon) followed by HRP conjugated goat anti-rabbit antibody (Dako). Membranes were developed using ECL detection reagent from Amersham and analyzed using Gel Doc 2000 (Bio-Rad laboratories). As a negative control B78 cell lysates were used.
Statistical analysis. All data are expressed as means ± SEM. Significance of differences between groups was analyzed using two-tailed, unpaired Student's t-test. Confidence interval was set up to 95% and differences were considered to be significant when the p value was < 0.05. Tumor free survival was analyzed using Log-Rank (Mantel-Cox) test.
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